CD36 is a scavenger receptor that functions in high affinity tissue uptake of long chain fatty acids (FA) and contributes under excessive fat supply to lipid accumulation and metabolic dysfunction. This review describes recent evidence regarding the CD36 FA binding site and a potential mechanism for FA transfer. It also presents the view that CD36 and FA signaling coordinate fat utilization based on newly identified CD36 actions that involve oral fat perception, intestinal fat absorption, secretion of the peptides cholecystokinin and secretin, regulation of hepatic lipoprotein output, activation of beta oxidation by muscle and regulation of the production of the FA derived bioactive eicosanoids. Thus abnormalities of fat metabolism and the associated pathology might involve dysfunction of CD36-mediated signal transduction in addition to the changes of FA uptake.
INTRODUCTION
The recent emphasis on minimizing dietary fat to protect against obesity and associated coronary heart disease, combined with the increased availability of processed sugar, has led to increased consumption of low-fat-high-carbohydrate diets. In the United States, intake of dietary fat which in the 1960s approximated 42% of the total energy consumed has declined to 33% reflecting both an approximate 25% increase in total energy intake and increased consumption of carbohydrates (~50% of energy intake) and these trends have remained stable. The decline in percent fat consumed correlated with an increase rather than a decrease in the prevalence of obesity, the "American Paradox". High intake of refined sugars and corn sweeteners, combined with increased dependence on processed food made much more palatable by added sugar and fat (57, 96) and a more sedentary lifestyle drive the obesity epidemic (97) .
Dietary fat consumed in moderation is important for human health by supplying the body with essential fatty acids (FA) and fat soluble vitamins and by regulating satiety and energy homeostasis (2) . Dietary fat consists mainly of triglycerides, TG (90-95%), but also of phospholipids, sterols, and fat soluble vitamins. TG absorption requires hydrolysis by lipases in the intestinal lumen to yield free FA and 2-monoacyl-glycerol (2-MG). The major FA of dietary TG are oleate, palmitate, stearate and linoleate. Polyunsaturated FA (linoleic and linolenic acids) are derived from phospholipids of vegetable origin and are considered essential because they cannot be synthesized de novo.
Lipid utilization is regulated across multiple tissues and the integrated cross talk between them determines lipid homeostasis. Lipid absorption in the gastrointestinal tract is coordinated by neural and humoral factors at several levels. Events that precede food intake such as seeing, smelling or thinking of food can induce modest salivary and gastric secretions via the autonomic nervous system and pancreatic and biliary secretions via the vagus nerve. These secretions are potentiated when fat intake occurs through various mechanisms involving the mouth, the proximal GI and to a lesser extent the distal GI (2, 46) . The absorbed lipids are delivered to the circulation as components of the TG rich chylomicrons and very low density lipoproteins (VLDL). Fatty acids released from the TG contained in the lipoprotein particles by lipoprotein lipase in the vasculature, are taken up by various tissues. In adipose tissue, FA are primarily converted to TG for storage in cytosolic lipid droplets while in skeletal muscle they are used mainly for oxidation. Fatty acids taken up by the liver are reincorporated into TG and packaged into VLDL. During periods of energy demand such as with fasting or exercise, increased FA mobilization from adipocytes and VLDL secretion by the liver deliver FA to tissues, particularly skeletal muscle and heart.
This review will focus on our recent knowledge related to the role of membrane CD36 in fat metabolism. CD36 is a high affinity receptor for long chain FA that has been shown to facilitate net FA uptake into muscle and adipose tissues of rodents and humans (2, 28) . CD36 has been recently implicated in several aspects related to FA metabolism including fat taste perception, fat intake, fat absorption, absorption-related peptide secretion and FA utilization by muscle and adipose tissues. The review will highlight new findings related to the above areas and present the hypothesis that a major role of CD36 is to coordinate cellular events involved in uptake and processing of the FA. The mechanisms underlying the various actions of CD36 are not completely clear but we will highlight the importance of CD36-mediated intracellular signaling induced by the FA-CD36 interaction.
As a result of its multiple ligands and signal transduction capabilities, CD36 has also a number of functions related to immune responses, inflammation, angiogenesis, atherogenesis and thrombosis. For these aspects of CD36 function and the link to metabolic pathologies the reader is referred to the following reviews (53, 62, 83) .
STRUCTURE-FUNCTION OF CD36
The role of CD36 in cellular FA uptake identified in 1993 (1) is now supported by strong evidence generated in CD36 deficient rodents (15, 31) and humans (34, 94, 100) . Polymorphisms in the CD36 gene have been linked to alterations in plasma lipid levels and to susceptibility to the metabolic syndrome (53) .
Our knowledge related to the structure-function of CD36 remains incomplete but significant progress has been recently accomplished. CD36 is a heavily glycosylated 80kD integral membrane protein that is widely expressed. It is found on platelets, immune cells, adipocytes, myocytes, enterocytes, enteroendocrine cells, retinal and mammary epithelial cells and microvascular endothelial cells. Sometimes also referred to as GPIV, GPIIIb, PAS IV or FAT, CD36 is the founder member of an evolutionarily conserved protein family that includes the high density lipoprotein Scavenger Receptor B1 (SR-B1) and the lysosomal membrane protein LIMP2. These proteins share structural features that include a hairpin like membrane topology with two transmembrane domains and with both termini in the cytoplasm (Figure 1 ).
The heavily glycosylated extracellular domain of CD36 includes three disulfide bridges in the carboxyl-terminal half that were shown important for CD36 membrane recruitment. The amino-terminal half contains binding domains for hexarelin, FA, oxidized LDL or phospholipids, thrombospondin, and P. falciparum-infected erythrocytes (9, 83) . A stretch of hydrophobic amino acid residues (186-204) might loop into the outer leaflet of the membrane (14) and could be part of a binding pocket for lipid ligands of CD36, as discussed in the following section. The tails of the protein are cytoplasmic and short but the carboxyl tail is active in signal transduction through its ability to interact with a number of tyrosine kinases (9, 83) . Several post-translational modifications, including phosphorylation, glycosylation, palmitoylation, or ubiquitination modulate levels or trafficking of CD36 and consequently its functions ( Figure 1 ).
Identification of the FA binding pocket
CD36 function in FA uptake and FA signaling can be irreversibly inhibited by Nhydroxysuccinimidyl (NHS) esters of long-chain FA. These protein labeling reagents react rapidly to form stable bonds primarily with amino groups in lysine side chains. Sulfo-NHS esters contain a negatively charged sulfonate group that restricts membrane permeability. Esters of palmitate, myristate, and oleate were shown to effectively inhibit FA uptake by isolated adipocytes, a property used in early studies to identify CD36 as a membrane FA receptor (33) . It is worth noting that the sulfo-NHS ester of oleate or SSO concentrations needed to inhibit FA binding to CD36 are 1-2 orders of magnitude lower than those initially used (200-1000 μM) with isolated adipocyte suspensions, where the added albumin scavenges much of the SSO necessitating higher concentrations. The SSO has been widely used and inhibits both CD36-mediated FA uptake (16, 89) and FA signaling (19, 43) in a variety of cell types. The molecular mechanism underlying SSO inhibition was recently explored in a study where Chinese hamster ovary (CHO) cells stably expressing human CD36 were SSO-treated before being subjected to proteomics. The target of SSO in human CD36 was identified as lysine 164 (Figure 1 ), a residue situated within a pocket previously suggested as a potential FA binding site based on simulations with the binding pocket of FA-binding proteins (5) . Importance of Lys-164 for CD36-mediated FA uptake and FAinduced signaling was demonstrated using mutagenesis and expression in CHO cells. The CD36 lipid binding pocket has a preponderance of hydrophobic residues and our working model is that the alkyl chain of the FA would serve to direct and position the FA in the pocket. This interpretation is consistent with earlier data showing that a shorter chain NHS derivative such as sulfo-N-succinimidyl myristate bound to several proteins in adipocyte membranes, whereas SSO was recovered mainly on CD36. Once in the pocket the carboxyl group of the FA can form electrostatic interactions with Lys-164 and these would induce a conformational change in CD36 to promote FA uptake and/or FA-induced signaling. This interpretation is based on the observation that expression of a mutated CD36 where lysine 164 is substituted with alanine results in signaling that appears to mimic that induced by FA binding (Samovski and Abumrad, unpublished observations) . In this context, FA interaction with lysines in the binding pocket of the intestinal FA-binding protein has been documented and shown to influence FA transfer from the protein to model membranes (88) .
Interestingly, the binding pocket of CD36 contains another lysine, Lys-166, which does not bind SSO. This lysine was found to be acetylated (as well as Lys 52, 231, and 403) ( Figure  1 ), which neutralizes its charge and increases hydrophobicity of the binding pocket. Potentially Lys-166 acetylation might regulate access to the binding pocket, or help position the FA in the site, which could regulate the FA-induced change in CD36 and subsequent signaling. For example, acetylation/de-acetylation regulates function of a number of proteins involved in glucose and FA metabolism (55) .
Access of the FA binding pocket to a lipid transport tunnel within CD36
Insight into the potential mechanism of FA transport by CD36 can be derived from the recently reported crystal structure of the CD36 family member lysosomal LIMP-2 (68). The crystal structure identified the presence of a large cavity traversing the entire length of the molecule that was proposed to serve as a tunnel for lipid transfer to the membrane. We modeled CD36 structure and FA docking using respectively the Phyre2 (41) and SwissDock (30) servers as shown in (Figure 2A -C) and incorporated the tunnel feature identified in LIMP2. The model obtained predicts that the FA binding pocket forms a groove that slides towards the tunnel ( Figure 2B ). Interaction of the FA carboxyl group with Lys-164 (44) at the top of the pocket would position the FA so it can slide into the tunnel with its acyl chain leading the way. The interaction is also likely to induce a change in conformation, an interpretation consistent with the finding that substitution of Lys-164 by alanine results in signaling changes that mimic FA binding (Samovski D et al., unpublished observations). The change could move glutamate 335 situated at the tunnel top providing the FA with tunnel access. The FA would travel the tunnel to reach the plasma membrane where the tunnel outlet is likely to be buried. The tunnel has an opening on the CD36 surface, but our modeling and the SSO binding data (44) suggest that the FA would rarely access the tunnel though its surface opening. Lysine 231 present at the tunnel surface opening is acetylated (44) which could limit access of the FA to the tunnel surface entrance ( Figure 2B ). Whether two tunnel entry sites (via the FA binding pocket or the tunnel surface opening) are possible for the FA, whether this involves the FA type or different signaling functions would need to be tested experimentally.
The FA binding site overlaps with that of oxidized low density lipoproteins
An important feature of the FA-binding site identified in CD36 is that it would overlap with that of oxidized LDL (oxLDL) and oxidized phosphatidylcholine as these two ligands were proposed to interact with lysines 164 and 166 (38) . In agreement with the possibility of a shared binding site, incubation with SSO (25 μM, 30 min) effectively inhibited oxLDL uptake by macrophages. The physiological implications of the commonality of binding site and lysine residues mediating interaction of FA and oxLDL with CD36 are unknown at the present time. However the findings might provide a framework for how oxLDL might induce dysfunction of CD36-regulated FA metabolism.
Functional implications of posttranslational changes in CD36
The varied post-translational modifications of CD36 that include ubiquitination, glycosylation, palmitoylation, acetylation, etc. are likely to exert regulatory effects on CD36 trafficking between plasma membranes and intracellular compartments and influence CD36mediated ligand uptake or signaling functions. Ubiquitination of CD36 was documented on the two carboxy-terminal lysines 469 and 472 and is upregulated by long chain FA while inhibited by insulin (89) . The two carboxyl-lysines might be important for CD36 induced protein associations since mutation of these two residues interferes with CD36's ability to induce Ca ++ influx via the store-operated membrane channels, although release of calcium from intracellular stores appears normal (43) . In contrast, mutation of Lys-164 the residue that interacts with the FA carboxyl group primarily abolishes CD36-mediated calcium release from intracellular stores in response to linoleic acid (44) . These differences should help identify some of the molecular steps involved in CD36 regulation of Ca ++ signaling. Changes in glycosylation can serve to acutely influence CD36 membrane recruitment as shown in the case of glucagon like peptide 2, which promoted chylomicron production by enhancing membrane CD36 content through inducing its glycosylation (36) . Dephosphorylation of CD36 by intestinal alkaline phosphatase was reported to reduce FA uptake and fat absorption (56) .
CD36 SIGNALING COORDINATES FAT METABOLISM
In addition to FA, CD36 recognizes a number of lipid ligands (anionic or oxidized phospholipids, diacylglycerol, cholesterol) and binds native (high, low and very low density; HDL, LDL and VLDL) and oxidized lipoproteins (oxLDL and oxHDL). Interaction of ligands with CD36 was shown in many cases to induce CD36-mediated intracellular signaling often initiated by Src tyrosine kinases and involving pathways linked to angiogenesis, inflammation or atherosclerosis (48, 83) .
The relevance of CD36 mediated signaling to metabolic regulation and in particular to that involving cellular FA handling was underappreciated. CD36 binding of multiple ligands together with its association with other transmembrane proteins contributes to the diversity of its signal transduction. Our recent data indicate that ligands can differentially regulate CD36 signaling and downstream protein-protein interactions within metabolic protein clusters (Samovski et al., unpublished observations) . A property of CD36 that has not been explored for its potential metabolic implications is CD36 interaction with extracellular matrix (ECM) proteins. CD36 binds thrombospondin 1 and collagen (type I and IV) in addition to its association with membrane integrins (β1, β2, β5) and tetraspanins (CD9, CD81) (9, 48, 83) . CD36 is among the cellular adhesion receptors that were conserved during the evolution of metazoa (8) and so its interactions with the ECM might have modulatory influence on its functions including those involving nutrient signaling and uptake.
CD36 regulation of phospholipase activity and eicosanoid formation
A recent finding that needs to be integrated into the regulation of FA metabolism is the identification of CD36 influence on cytosolic calcium, the activation of phospholipases and eicosanoid production (19, 43) , pathways that have pleiotropic cellular effects. CD36 regulation of cytosolic Ca ++ can be dependent (19, 22, 90) or independent (43, 73) of direct FA interaction with CD36. Increases in free cytoplasmic Ca ++ induced by the binding of an extracellular ligand to its surface receptor are a major cellular route for information relay and usually involve the release of stored calcium coupled with calcium influx across the plasma membrane. In non-excitable cells a predominant mechanism is the activation of phospholipase C to generate inositol 1,4,5-trisphosphate (IP3), which releases Ca ++ from intracellular stores, primarily the endoplasmic reticulum (ER), into the cytosol. The reduced Ca ++ level within the ER lumen then activates plasma membrane Ca ++ influx, referred to as capacitative or store-operated calcium (SOC) entry. SOC function plays a major regulatory role influencing signal transduction pathways, cell functions as well as gene transcription (18, 42) .
Among the metabolic pathways known to be regulated by capacitative calcium entry are those involving membrane phospholipid (PL) remodeling and the release of arachidonic acid (AA) from membrane PL by phospholipases A2 (PLA2) with subsequent AA conversion to bioactive eicosanoids (64) . Eicosanoids have pleiotropic effects on cell function and influence metabolic homeostasis (37, 95) . Eicosanoid production is tightly regulated with most AA being esterified in PL and the amount of free AA being controlled by the relative activities of PLA2s, AA-specific CoA synthetases and lysophospholipid acyl transferases (37, 49) . Cytosolic Ca ++ -dependent phospholipase A2α (cPLA2α) plays a major role in AA release and is activated (together with other PLA2s) by a rise in intracellular Ca ++ , initially released from the ER and then sustained by influx via SOC. The activity of cPLA2α is regulated via phosphorylation and translocation to ER and nuclear membranes, where it releases AA from the sn-2 position of PL. Store-operated channels are regulated via phosphorylation by Src family kinases (4) which partner with CD36 and regulate mitogen activated protein kinases that include cPLA2s among their phosphorylation targets.
The role of CD36 in modulating SOC calcium flux, PL remodeling and AA release was documented in CHO cells stably expressing CD36. When these cells are treated with thapsigargin, an inhibitor of ER calcium uptake, they display SOC calcium influx, phosphorylation of cPLA2, translocation of cPLA2 to membranes, AA release and increased production of arachidonic acid-derived prostaglandin E2. These events are not observed in CHO cells lacking CD36 or in cells expressing a mutated form of the protein (43) . Significantly altered eicosanoid profiles can be demonstrated in the tissues of the CD36 null mouse.
The importance of CD36's regulatory effects on calcium transients and phospholipid turnover is illustrated by several recent findings as described below. These include the role of CD36 in fat perception (22, 70) , phospholipid remodeling and eicosanoid production (43), chylomicron production (93), release of intestinal peptides (90) during fat absorption, secretion of hepatic VLDL (66) and adaptation of myocardial rhythm to energy deprivation (73) as highlighted below.
Role of CD36 in perception of dietary fat by taste bud cells
The flavor of foods is perceived through a combination of all senses; taste, olfaction, somatosensation (e.g. texture, irritation, and temperature), vision and audition. The various inputs are integrated in the brain to converge in the perception we know as flavor (76) . Considering the variety of sensory inputs and cognitive processes involved in flavor perception, it is not surprising that there is a wide variation among individuals in their sensory appreciation of foods (61) . Perhaps this is best illustrated by the extreme differences between individuals in their ability to taste the bitter compounds 6-n-propylthiouracil (PROP), phenylthiocarbamide (PTC) and glucosinolates (naturally found in cruciferous vegetables) (92) . While the majority of subjects (60 to 90%, depending on the population), perceive PROP/PTC as moderate to intensely bitter, 30% find it tasteless (98) . The identification of taste receptors and of key elements involved in sensory transduction pathways has significantly enhanced our understanding of the molecular aspects underlying gustatory perception and its variation among individuals. For example, most of the variability in PROP taste sensitivity can be explained by polymorphisms in the bitter receptor gene TAS2R38 (7) .
Existence of a taste component in perception of dietary fat
At present, the general consensus is that we perceive five taste qualities: sweet, sour, bitter, salty and umami (the savory, meaty taste of some amino acids). It is believed that these qualities evolved to help us find energy rich nutrients, maintain electrolyte balance and avoid potentially harmful substances. Although fat is still not included among the "primary" taste qualities, a growing body of evidence accumulated over the past decade from studies in humans and rodents now supports its inclusion as the sixth taste. In addition to smell and texture, fatty nutrients have a gustatory taste component which plays an important role in fat perception and might modify feeding behavior (25, 26, 61, 87) . Two main classes of taste receptors for FA have been proposed based on molecular evidence and their study provided strong support for the existence of a fat taste component. They consist of the G proteincoupled receptors (GPR) (10) and CD36 (47) . The GPRs that function in FA recognition are members of a large family usually with seven transmembrane segments and the family members that similar to CD36 recognize long chain FA are GPR120 and GPR40 (Table 1) . Dietary fat is composed mainly of TG but the nutrient sensed is long chain FA which has signal transduction capabilities and is generated from TG digestion by lingual lipase.
Rodents have strong lingual lipase activity and its inhibition reduces spontaneous preference for TG but not FA (39) . Humans have low amounts of lingual lipase but it is secreted in the cleft of papillae and in proximity of taste buds and its activity is sufficient to generate FA from TG in the mouth. Indeed the concentration of long chain FA rises dramatically in the saliva of subjects asked to chew high fat-foods (26) and lipase inhibition by orlistat reduces sensitivity to the oral perception of triolein but not to that of oleic acid (71) .
The FA released by lingual lipase interact with the FA receptors CD36 and GPR120 on the surface of taste receptor cells. These cells which are present within taste buds localized in the gustatory papillae (fungiform, foliate and circumvallate) can establish synapses with afferent nerve fibers (VIIth and IXth) to transfer the gustatory signals to the brain (70) . CD36 is expressed on taste bud cells of rodents, pigs and humans. Of the GPR that recognize long chain FA, GPR120 is detected in gustatory and non-gustatory epithelia while GPR40 is not expressed in gustatory tissues (25) suggesting that CD36 and GPR120 are likely to be the physiological receptors mediating fat taste perception.
Interaction of the FA with taste bud cells expressing CD36 was shown by El-Yassimi et al., (22) to result in phospholipase C driven formation of IP3 which interacts with its receptor on the ER to release calcium ( Fig. 3 ). Depletion of Ca ++ in the ER lumen induces the Ca ++ sensor STIM1 to activate membrane SOC and Ca ++ flux from the extracellular milieu (19) . There is also evidence that the initial rise in cytosolic Ca ++ might induce depolarization of the cell membrane by activating Na + influx trough the transient receptor potential M5 (TRPM5) channel, which was shown to mediate gustatory responses to sweet, savory, bitter and now fatty compounds (51, 80) . TRPM5 activation coupled with FA inhibition of the delayed rectifying K+ (DRK) channel to block membrane repolarization would activate voltage gated calcium influx across the membrane (26) . Regardless of the mechanisms mediating influx of Ca ++ across the membrane, the ensuing sustained increase in cytosolic free Ca ++ leads to the release of neurotransmitters notably serotonin (Figure 3 ) and the signal is transmitted to the gustatory nerves.
The increase in intracellular Ca ++ that mediates neurotransmitter release and fat perception also induces the cephalic phase of digestion (47, 70) characterized by the release of small amounts of bile acids and by an increase in serum TG. Fat-induced cephalic phase responses also include transient secretions of intestinal cholecystokinin (CCK), pancreatic polypeptide, peptide tyrosine, tyrosine and of pancreatic insulin (46) . These secretions prepare the organism for fat absorption.
CD36 and fat perception in animal models
Findings in rodents strongly support the physiological function of CD36 as a fat taste receptor. CD36 is expressed by taste receptor cells (47) , where it often co-localizes with αgustducin, a G protein involved in taste transduction that is frequently used as a taste bud marker. CD36 interaction with long chain FA induces calcium transients, neurotransmitter release and involves the neuronal gustatory pathway (22) . Knockout of the CD36 gene (47) or reduction of CD36 expression in the tongue using RNA interference techniques (12) impair fat discrimination without affecting perception of other tastes such as sweetness. CD36 deletion also blunts the cephalic phase of pancreato-biliary secretions triggered by exposure of the tongue to fat (47) . The physiologic relevance of CD36 in taste perception of dietary fat is reinforced by the finding that CD36 expression is sensitively modulated by dietary lipids. A recent study (58) that examined CD36 expression in mouse circumvallate papillae during the day-night cycle and with dietary manipulations showed CD36 downregulation in the dark period during food intake. This downregulation associated with a reduction in fat preference suggesting that CD36 sensing of dietary lipid might gradually decrease appetite for fat during a meal. In addition, exposure of the tongue to a drop of lipid for few minutes reduced CD36 protein expression in mouse gustatory papilla by ~twofold (58) . This down-regulation of CD36 might involve its FA-induced ubiquitination, which has been demonstrated in cultured cells (89) and in vivo (93) .
Both GPR40 and GPR120 were shown using the two bottle test to influence spontaneous preference for fat in rodents although the role of GPR40 might be indirect since it is not present in taste bud cells (10, 25) . In contrast to CD36, GPR120 expression on taste buds appears unresponsive to ingested fat (58) . Although the distinct physiological roles of CD36 versus GPR120 in fat taste perception remain incompletely defined, recent analysis of FAinduced calcium signaling in taste bud cells suggests that while both receptors are coupled to serotonin release, CD36 functions at low FA concentrations while GPR120 is only activated at high FA (69) . A low concentration of linoleic acid fails to increase Ca ++ in taste cells obtained from CD36 −/− mice and a high concentration triggers a Ca ++ response that is much smaller than what is observed in WT mice. Thus GPR120 appears to be poorly responsive to long chain FA and might function in amplifying the response to high concentrations of dietary FA and other tastants consistent with its expression in a variety of taste cells responsive to various stimuli (10, 69) .
CD36 and fat perception in humans
Compared with data from rodents, less is known about the role of CD36 as a lipid taste sensor in humans but recent findings are consistent with such a role. The first study to examine expression of CD36 in human lingual tissue demonstrated CD36 expression in the gustatory papillae (85) although no taste cell markers were used to confirm taste cell identity of the lingual cells expressing CD36. A more recent study with isolated human fungiform taste bud cells demonstrated co-expression of CD36 and GPR120 on taste cells. Selective knock-down of either CD36 or GPR120 in human fungiform taste cells showed that linoleic acid at low concentration induces Ca ++ signaling via CD36 and not GPR120 (69) . GPR120 displayed a poor response to linoleic acid while a GPR120 agonist induced strong calcium transients in these cells. These data were interpreted to suggest that while CD36 in taste cells would function in FA recognition and taste detection, GPR120 might be important in signal amplification for a more sustained taste experience at high concentrations of fatty food.
Two sensory studies (40, 71) that tested the effect of a common polymorphism in the CD36 gene (rs1761667 involving A/G substitution) provided support for the role of CD36 in the oral sensory perception of fat in humans. However, more work is required for full reconciliation of the two data sets obtained. In the first study, obese subjects carrying the A allele of rs1761667 that reduces CD36 expression in monocytes and platelets (54) had eightfold higher oral detection thresholds for oleic acid and triolein indicating lower sensitivity for fat perception as compared with obese subjects who were non-carriers. The lipase inhibitor orlistat and solutions of oleic acid or triolein were used in this study to validate that the FA was the orally perceived tastant (71) . The second study measured sensory fat perception by obese subjects using salad dressing samples containing fat concentrations well above detection thresholds. The findings showed that subjects homozygous for the A allele perceived more creaminess in salad dressing samples and reported liking more added fats than did those who were heterozygous or non-carriers (40) . None of the genotype groups (AA, AG, or GG) discriminated creaminess or oiliness between different salad dressing samples with increasing (5-55% fat by weight) fat content and a nonfat control was not included. Thus definitive interpretation of the results must await further studies. In addition, it is worth noting that the relationship of taste detection thresholds as measured in the first study to fat perception at above-threshold levels in real-world settings as measured in the second study is often not a direct one (6, 72) . For example, earlier findings suggested that different pathways might be potentially involved in perceiving threshold versus suprathreshold concentrations of tastants (6, 72) . A simplistic and tentative interpretation of the data from the two studies would propose that subjects with low sensitivity to fat taste might display less taste "saturation" and more preference for food with high fat content.
Role of CD36-mediated FA uptake and signaling in absorption of dietary fat
In the small intestine of mice (67) and humans (52) CD36 is abundantly expressed in the proximal segment and localizes to the brush border membranes of duodenal and jejunal villi enterocytes. Epithelial cell immunochemical staining of CD36 is lower in the human and mouse ileum and colon (52, 90) .
CD36 function in enterocyte FA uptake
In the intestines of the CD36 null mice, there is a defect in FA uptake by the proximal intestine, demonstrated in isolated enterocytes or in vivo from oleate enrichment of mucosal lipids after an oral triolein load (67) . As a result more lipid (TG and cholesterol) reaches the distal small intestinal segments and the defect in proximal FA uptake is compensated for by uptake in the distal intestine (2) . In addition to protein facilitated transfer, enterocytes might passively absorb long chain FA that are protonated (32) in the acidic microclimate next to the brush border. Passive and facilitated FA transfer would be coordinated with conversion to the acyl-CoA derivative, trapping the FA inside the cell (59) .
Entry of long chain FA across the brush border membrane might also occur, as proposed recently through endocytosis within vesicles formed from lipid rafts containing caveolin-1 and CD36 (81) . Lipid rafts are membrane domains enriched in cholesterol and sphingomyelin that contribute to the lateral compartmentalization of surface proteins and function as organizational centers in signal transduction and in the internalization of ligands and receptors. Caveolins 1-3 associate with lipid rafts to form smooth invaginations of the plasma membrane or caveolae. Caveolae endocytosis has been implicated in cholesterol transport and is proposed to traffic cholesterol between the plasma membrane and late endosomes and lysosomes (63) . Caveolin-1 was also shown to influence FA uptake into cells (17) . Mice deficient in caveolin-1 are lean and protected from high fat diet induced adiposity (75) . Although caveolins might influence FA uptake by modulating CD36 localization to lipid rafts, CD36-independent effects of caveolin on FA uptake can be observed (17, 99) . In the intestine caveolin-1 is expressed on enterocyte brush border membranes and the apically absorbed FA appears to be internalized by enterocytes in detergent resistant and caveolin-1 containing vesicles that also contain alkaline phosphatase and CD36. In cell lysates, alkaline phosphatase, CD36 and caveolin-1 co-immunoprecipitate consistent with functional interaction. In agreement with the in vitro data, caveolin-1 knockout mice displayed impaired FA absorption as more FA was recovered in the cecal contents of these mice (81) . In addition these mice display metabolic inflexibility and reduced ability to perform the fuel switching necessary during fasting/feeding transitions (3) a phenotype shared by CD36 null mice (65) .
Recent studies in HEK cells (99) showed that expression of CD36 enhanced FA uptake and promoted intracellular FA esterification (measured in minutes) without altering the rate of membrane FA translocation (measured in seconds). This contrasted with caveolin-1 which affects plasma membrane FA translocation but not FA esterification into TG. These observations would be consistent with our current working model of CD36 mediated FA uptake. Recent evidence documenting the tight coupling between CD36-mediated FA uptake and signaling and between FA signaling and cellular FA metabolism, suggests that the fraction of membrane FA uptake that is facilitated by CD36 serves to coordinate events related to the metabolic processing of the FA (2). Thus CD36-mediated FA uptake might function in a regulatory capacity rather than as a quantitative transport mechanism. This interpretation is also supported by our unpublished data indicating that FA binding to CD36 induces changes in downstream protein-protein interactions that are relevant to FA metabolism (Samovski D et al, unpublished) .
FA uptake and signaling regulate chylomicron formation by the proximal intestine
A large part of the absorbed lipid in the CD36 deficient mouse bypasses the lymphatic system, which is normally the main route for delivery of intestinal lipid to the circulation. There is no evidence of lipid malabsorption based on blood appearance of intestinally derived TGafter an oral fat load. However the secreted TG are contained in lipoprotein particles that are smaller than the chylomicron particles released by the intestine of the WT mice (20) . The smaller lipoproteins released by the intestines of CD36 null mice have a prolonged life in the circulation resulting in postprandial hypertriglyceridemia (20) .
The mechanism underlying the effect of CD36 deficiency to impair chylomicron production is not totally clear but is likely to reflect the absence of CD36-mediated signaling (Figure 4) . Although there is a demonstrated defect in FA uptake and incorporation into TG by the proximal intestine of CD36 −/− mice, kinetic studies show that enterocyte CD36 functions in high affinity FA uptake similar to its role in other cell types (67) . Based on the estimated micromolar concentration of free FA dissociated from micelles in the intestinal lumen, CD36 contribution to intestinal FA uptake would be limited to early stages of the digestive process when the FA concentrations reaching the proximal intestine are low. FA also downregulate levels of the CD36 protein in enterocytes which would further reduce its contribution to net FA absorption (2) . As a result CD36-mediated FA uptake in the proximal intestine is likely to have a signaling function linked to chylomicron formation. One possibility is that it might contribute to the newly synthesized lipid pool accessible to the microsomal TG transfer protein for lipidation of apoprotein B protecting it from degradation and initiating formation of the primordial lipid particle.
CD36 was identified together with liver FA binding protein (L-FABP) to be required for assembly of the multiprotein complex that generates the prechylomicron transport vesicle from the intestinal ER (82) . CD36 signaling possibly to the extracellular regulated kinase 1/2 (ERK1/2) might influence phosphorylation of proteins important for ER lipid processing (Figure 4 ). It can be speculated that CD36's ability to influence store operated calcium flux and the secretion of bioactive compounds may contribute to its effects on chylomicron production. For example, in the liver CD36-mediated prostaglandin production was found to influence output of very low density lipoproteins (see section on hepatic CD36).
In addition to FA, CD36 may facilitate intestinal cholesterol absorption for optimal chylomicron production. Enterocytes isolated from CD36 null mice exhibit reduced cholesterol uptake (67) and in vivo cholesterol output into the lymph is reduced by 50% but like with FA the contribution of CD36-mediated uptake to net absorption is small as no changes in 24h fecal secretion are observed in CD36 null mice (2) .
In summary the findings to date suggest that CD36 functions at different stages of fat digestion. CD36 mediates perception of FA in lingual taste bud cells and the initiation of the cephalic phase of digestion. In the small intestine CD36 transport provides the oleic acid needed for generation of oleoylethanolamide (OEA), which reduces food intake and the FA and cholesterol needed to initiate chylomicron production. Its contribution to the net absorption of either nutrient is small but CD36's signal transduction capabilities might play an important role in coordinating the incorporation of FA and cholesterol into esters for chylomicron production. CD36 appears required for assembly of the pre-chylomicron transport vesicle and its secretion from the ER.
In humans CD36 deficiency is rare in Caucasians but is relatively common (~6%) in persons of Asian and African descent and associates with altered levels of plasma cholesterol, TG and FA (53) . Abnormal postprandial plasma lipids in humans with CD36 deficiency or with SNPs in the CD36 gene reflect in part abnormal peripheral clearance of plasma FA since impaired tissue FA uptake has been documented in humans with CD36 deficiency. However, contribution of defective lipid processing by the small intestine to the lipid abnormalities is suggested by findings of postprandial lipemia with high apoB48 levels and high concentration of chylomicron remnants in CD36 deficient subjects (45, 60) .
Role of CD36 in enteroendocrine secretions
As the fatty food reaches the upper gut, a number of secretions by enteroendocrine cells (EEC) occur that influence the digestive process as well as satiety and overall energy homeostasis. Some of these secretions are known to be triggered by FA involving FA receptors such as GPR120, GPR40 and CD36 on EEC (2, 35, 90) . Dysfunction of oral or gut fat sensing or a blunting of the pro-satiety effects of dietary fat might contribute to obesity (86) . Among the satiety peptides, CCK and secretin are released in response to fat reaching the intestinal lumen, triggered by the nutrient interaction with receptors on I (CCK) and S (secretin) cells, mostly in the duodenum. Serotonin (5-hydroxytryptamine,) is released from EEC in the intestinal mucosa and from nerve terminals of the enteric nervous system and the intra-pancreatic nerves. Serotonin has a variety of effects acting through different receptor subtypes and it mediates some actions of secretin and CCK.
Enteroendocrine cells in the intestinal mucosa (Table 1) , which constitute less than 1% of the epithelial cell population, are the FA sensors. These cells were shown to express the long chain FA receptors GPR40, GPR120 (21) and CD36 (90) . EEC also express GPR41 and GPR43 which recognize short chain FA, GPR84, which is activated by medium chain FA and GPR119 that recognizes the oleic acid derivative OEA (35) .
Long chain FA stimulate CCK secretion by I cells in the mucosa of the duodenum, jejunum, and proximal ileum. CCK helps optimize fat digestion by regulating gastric emptying, gallbladder contraction, pancreatic secretion, and intestinal motility (11) . Long chain FA induce S and K cells in the duodenum and jejunum to release, respectively, secretin and the glucose insulinotropic peptide (GIP). Secretin inhibits gastric emptying and synergizes with CCK to induce pancreatic secretions (13) . GPR40 (50) and CD36 (90) have been implicated in mediating the effect of FA on CCK. Isolated I cells that express GPR40 respond to linoleic acid with increases in intracellular calcium and CCK release. CCK secretion induced by oleic acid is reduced in GPR40 null mice (50) (Table 4 ) The CD36 null mouse displays a 50% reduction in release of CCK and secretin in response to gastric administration of oil. Diminished release in response to FA is also observed with CD36 deficient intestinal segments in vitro. In EEC expressing CD36 release of CCK and secretin involves FA-induced increases in calcium and the second messenger cAMP (90) . GPR40 is present on EEC expressing the insulinotropic peptides (incretins, GIP and glucagon-like peptide 1, GLP-1) and its disruption reduces secretion of these peptides (21) . Release of GLP-1 is stimulated in vivo by FA reaching the distal intestine and involves GPR120 (35) . CD36 expression on EEC does not alter release of the incretins (Sundaresan S., unpublished observations) but in vivo incretin release in response to intragastric lipid administration is increased in CD36 −/− mice probably reflecting the higher concentration of lipid reaching the distant small intestine.
Fatty acid binding to CD36 on enteroendocrine cells associates with increases in intracellular calcium and cAMP (69, 90) . Ligand binding to the GPRs activates intracellular heterotrimeric G proteins and distinct signal transduction pathways depending on the type of G-protein coupling (35) .
CD36 function in the intestine might impact fat-induced satiety through various mechanisms. CD36-mediated CCK secretion has pro-satiety effects mediated by receptors on vagal afferents in the duodenum, which signal to the brain (11) . The small intestine generates OEA, a pro-satiety lipid from absorbed oleic acid that acts centrally to prolong inter-meal intervals and reduce feeding frequency (74) . Generation of OEA is CD36dependent and disruption of CD36 or peroxisome proliferator activated receptor alpha the OEA target, impairs its prosatiety effects ( Table 1 ). The satiety inducing property of fat can be blunted by factors such as the simultaneous ingestion of carbohydrates and the release of endocannabinoids by the palatable fat-sugar mix (e.g. in processed food) (84) .
Hepatic CD36 regulates VLDL output. High CD36 in some forms of NAFLD may be an adaptation to lipid accumulation
In the mouse liver CD36 is expressed on endothelial, parenchymal, and Kupffer cells. Expression level is low but it increases during fasting possibly to enhance hepatic uptake of FA mobilized from adipose tissue. Activation of the transcription factors liver X, pregnane X and aryl hydrocarbon receptors by xenobiotics, bacteria, or cytokines induces CD36 expression and lipid deposition in the liver. Consumption of a high-fat diet increases liver CD36, hepatic FA uptake and TG accumulation, and these are prevented by CD36 deletion. However, TG accumulation in response to consumption of a high-fructose diet, which enhances hepatic de novo lipogenesis (DNL) is exacerbated by CD36 deletion.
Humans who have nonalcoholic fatty liver disease (NAFLD) have high hepatic CD36 levels (29) . However several findings suggest that the role of CD36 in hepatic FA metabolism is not limited to enhancing FA flux and TG accumulation. In NAFLD increased output of TG in VLDL is usually not paralleled with increases in VLDL-apoB output (23) . Recent genetic studies associated CD36 level with serum apoproteinB and with VLDL particle number in addition to VLDL-TG (54) . These associations suggested influence of CD36 on VLDL secretion in humans. In agreement with this, a recent study (66) documented that CD36 deletion results in 60% suppression of VLDL output in vivo, and from incubated liver slices in vitro. The effect of CD36 deletion was mediated, at least in part, by enhancing formation of hepatic prostaglandins D2, F2, and E2. Treatment of CD36-deficient slices with inhibitors of cyclooxygenases reversed the reduction in TG secretion. Interestingly, CD36 deletion in ob/ob mice exacerbated the obesity-associated spontaneous steatosis in this model. Livers of ob/ob mice had 5-fold more CD36 primarily on Kupffer cells, but also on hepatocytes, and exhibited steatosis that was driven by increased DNL. CD36 deletion exacerbated the steatosis, by impairing hepatic TG and apoB secretion through increasing prostaglandin levels (66) . These findings suggested an unappreciated role of CD36 in regulating VLDL secretion, which might have relevance to some forms of fatty liver. They also provide insight into the association reported in humans between CD36 protein expression and serum levels of apoB and VLDL particle number (54) .
CD36 influences heart Ca ++ dynamics and functional adaptation to nutrient deprivation
Historically, based on studies in rodents and humans, CD36 in heart and skeletal muscle has been viewed as a FA transporter delivering a major fraction of FA uptake (28, 91) . During acute metabolic challenges such as feeding, fasting, or exercise, muscle can adjust FA utilization rates to FA availability. This metabolic flexibility is required for maintenance of cellular homeostasis, since the muscle has limited capacity for FA storage. FA uptake rates that exceed the oxidative capacity of muscle result in ectopic FA accumulation and subsequently lead to deleterious metabolic consequences that compromise function (78) . CD36 contributes to the metabolic adjustments of muscle FA uptake and its deletion abolishes the muscle's metabolic flexibility and ability to adapt to fasting (65) . This role of CD36 is the result of the exquisite regulation of its recruitment to the sarcolemma by energy status or exercise involving the activation of PI3 Kinase (PI3K)-Akt and AMP kinase (AMPK) signaling (28, 77) . The two signaling pathways converge downstream to induce phosphorylation and activation of the AS160 Rab GAP (GTPase Activating Protein) a master regulator of vesicular trafficking (77) . In further support of vesicular trafficking of CD36, its sarcolemmal recruitment was shown to involve vesicle-associated membrane proteins (VAMPs) (79) . In insulin resistant human muscle, CD36 trafficking is disrupted with chronic relocation of CD36 to the sarcolemma (24, 27) which associates with FA accumulation.
The metabolic implications of CD36 mediated signal transduction in heart and skeletal muscle have been addressed only recently. CD36 was found to modulate myocardial Ca ++ metabolism and FA cycling into phospholipids (73) . CD36 deletion in mice altered myocardial proteins functioning in ER Ca ++ handling, increased heart lysophospholipid content and altered FA composition of phospholipids. Eicosanoid production by the heart was dramatically altered (Gross RW, unpublished observations). These alterations impaired the functional adaptation of the heart to nutrient deprivation, as evidenced by electrical anomalies observed after an 18h fast. These included slow Ca ++ transients, delayed signal propagation and atrioventricular block in CD36 null mice with incidence of sudden death (73) . Our recent findings (Samovski et al, Diabetes 2015 Epub) document the direct role of CD36-mediated signal transduction in FA activation of AMPK and subsequently of FA βoxidation. Together the above data suggest an important regulatory role of CD36 mediated signal transduction in muscle. The implications with regard to the maintenance of metabolic flexibility and insulin sensitivity will need to be explored further as they are relevant to obesity associated insulin resistance and heart disease.
CONCLUSIONS
The role of CD36 as a high affinity pathway for cellular FA uptake and utilization and its influence on lipid metabolism have been well documented in mice and relevance of the data to humans has also been demonstrated [reviewed in (2) ]. CD36 transduces intracellular signals initiated by Src kinase partners. Although CD36 signaling effects on pathways related to inflammation and atherosclerosis have been well studied [reviewed in (83) ], the influence of CD36 signaling on cellular fat metabolism has not been examined. Recent findings uncovered the role of CD36 signaling in regulating Ca ++ activation of phospholipases that release AA from membrane PL, remodel membrane FA composition and result in the formation of the pleiotropically bioactive eicosanoids. Emerging evidence described in this review supports importance of CD36-mediated signaling in fat taste perception, chylomicron formation, FA-induction of gut peptide secretion, hepatic VLDL output, Ca ++ dynamics and the activation of mitochondrial FA oxidation by muscle cells. Together the findings support our hypothesis that CD36-dependent FA signaling is integral to FA utilization and could play a crucial role in dysfunction of FA metabolism and disease risk. The evidence for a key metabolic role of CD36 in humans is strong [reviewed in (53) ], and understanding the mechanisms that mediate and regulate CD36 function in fat utilization is of significant interest in light of the high morbidity and economic burden consequent to obesity-related diseases worldwide. CD36 has two short intracellular domains at both termini, two transmembrane segments and a large extracellular domain with a hydrophobic sequence where lipid ligands bind. The Cterminus can associate with Src tyrosine kinases, which initiate most of CD36 mediated signal transduction. The diagram highlights the post-translational modifications of the protein including its glycosylation, palmitoylation, ubiquitination, phosphorylation and acetylation. These modifications influence CD36 trafficking and function in FA uptake and signal transduction (see text for details). Both N-and C-termini contain two palmitoylation sites which localize CD36 to membrane lipid rafts. Binding sequences for CD36 ligands are aligned to the backbone of CD36 and the FA-binding site K164 is highlighted with a dotted line [for details see text and (44)].
Figure 2. The FA binding site on CD36 and its access to a transport tunnel within the molecule
The structure of human CD36 exofacial domain (K36 -G436) was modeled using the Phyre2 prediction server (41) based on the recently reported crystal structure of the CD36 family member LIMP2 (68) . 98% of residues modeled at >90% confidence. Fig 2- A: Ribbon model of CD36 structure highlighting the SSO-target residue K164. Also highlighted is K334 a secondary and rare SSO target (44) . Figure 2 -B: Detail of the CD36 structure showing the FA (oleic acid) docking site using the SwissDock server (30) (Full fitness -2409.97 kcal/mol; estimated ΔG -8.59kcal/mol). Figure 2 -B: Surface hydrophobicity is indicated, with blue denoting hydrophilic residues and red hydrophobic residues. The FA is shown to dock within a hydrophobic pocket at the top of CD36 near helix 5 with the FA carboxylic tail in close proximity to lysine 164 (green residue), previously shown to bind the oleate derivative SSO (44) . The FA pocket is shaped into a sliding groove that heads towards the tunnel present within the protein structure, modeled based on the one identified by the crystal structure of LIMP2 (68) . The glutamic acid residue 335 (magenta color) is positioned at the site of FA entry into the tunnel. K164 might be important for correct positioning of the FA within the pocket possibly allowing it to slide into the tunnel, and for inducing a conformational change in the protein that initiates signaling. Fig. 2 -C: A vertical slice through the CD36 modeled structure showing the rear side of the tunnel which is formed mainly by beta strand 21 and outlets close to the plasma membrane. The arrows show predicted direction of FA transport. Our working hypothesis is that the FA interacts with K164 within the hydrophobic groove which positions it to slide with the acyl chain leading the way into the tunnel. The outlet of the tunnel is likely buried in the charged layer of the membrane which would facilitate transport of the hydrophobic acyl chain through the bilayer.
Figure 3. Oral perception of fat
The accumulating evidence supports gustatory cues in fat perception. Dietary fat is composed mainly of triglycerides (TG) but the nutrient sensed on the tongue is the FA released from TG digestion by lingual lipase. The FA interacts with CD36 on taste bud cells in the circumvalate and fungiform papillae (back and sides of the tongue, respectively) to induce intracellular calcium release from the ER. This in turn triggers calcium flux from membrane store operated calcium (SOC) channels leading to neurotransmitter release. The two FA receptors identified on taste bud cells in rodents and humans are CD36 and GPR120 (Table 1 ) and both were shown to impact sensitivity to oral perception of dietary fat. CD36 is the physiologically functional FA receptor with GPR120 acting to amplify signaling at high FA levels [see text and (69)]. TG: triglyceride, FA: fatty acid, PLC: phospholipase C, PIP2: phosphatidyl inositol-biphosphate, IP3: Inositol triphosphate or inositol 1,4,5triphosphate, DG: diacylglycerol.
Figure 4. Working model of the molecular steps that may be involved in how intestinal CD36 facilitates FA uptake and chylomicron formation
Panel A: CD36 expressed on the apical side of enterocytes of the proximal intestine interacts with fatty acids (FA) released from the digestion of dietary triglycerides. During the early phase of digestion when the FA concentrations are relatively low CD36 facilitates FA uptake probably by internalizing the FA within vesicles derived from membrane lipid rafts. The CD36-mediated FA uptake associates with intracellular signaling to promote events that facilitate chylomicron assembly. CD36 signaling is initiated in most cases via the Src kinases that associate with the C terminus of CD36 and downstream would involve the extracellular regulated kinase (ERK1/2). CD36 signaling may be important for phosphorylating proteins required to coordinate ER processing of prechylomicron vesicles (PCTV). CD36 has also been identified in the protein complex required for formation of the PCTV (82) . Recent data indicate that CD36 signaling may be mediated by inositol triphosphate (IP3)-induced release of ER calcium (see Fig. 3 ). ER calcium release promotes membrane CD36 localization and also induces calcium influx via store operated calcium channels. The sustained increase in intracellular calcium could influence multiple events related to lipid processing or secretion. Panel B) CD36 is downregulated by FA via its ubiquitination on its carboxyl terminus which targets it to lysosomal degradation. This feedback loop may work to reduce CD36 function in the presence of excess FA supply.
Inside the enterocytes the FA-induced decrease in CD36 associates with reduced activation of ERK1/2 which may serve to upregulate abundance of the microsomal triglyceride transfer protein (MTTP). Adapted from (2) . Table 1 Secretions induced by fatty acids in taste bud cells and in enteroendocrine cells (EEC) and the membrane FA receptors involved. Circumvallate refers to the circumvallate papillae, Duod/Jejun refers to Duodenum/ Jejunum. 
